Abstract-The thermal noise of the resistive vee dipole (RVD) has been analyzed using a numerical model based on the method of moments. The RVD analyzed in this paper has curved arms and is loaded with surface-mount chip resistors, which approximate a modified Wu-King profile. The total noise power delivered to a 200 Ω feed line and the contribution of individual resistors to the total noise power are presented. The results show that the noise temperature of the RVD is very high and the resistors close to the drive point contribute more to the total noise power than do the resistors close to the open ends of the antenna arms.
INTRODUCTION
The resistive vee dipole (RVD) is a vee antenna, whose arms are loaded resistively according to a loading profile [1, 2] . In many applications, the Wu-King profile is selected for the loading profile, which can be expressed as the resistance per unit length [3] [4] [5] [6] 
where z is the distance measured along the arm from the drive point, L is the length of the arm, and R 0 is the resistance per unit length at the drive point. With the Wu-King profile, the resistance per unit length of the antenna arms increases to an infinite value at the open ends of the antenna arms. The Wu-King profile suppresses the internal reflection of the current in the antenna arms. Thus, when a pulse is applied in the feed line, the RVD with the Wu-King profile produces essentially no ripples in the feed line except for the initial reflection at the drive point. The RVD can also send and receive short pulses in a directional fashion and has a low radar cross section, which can minimize multiple reflections between the antenna and nearby objects. In addition, the RVD can easily be applied in array applications. These features of the RVD make it suitable for many ground-penetrating radar (GPR) applications [7] [8] [9] [10] [11] [12] . However, the GPR with the RVD may have a limited sounding depth. The sounding depth may be affected by many factors. One factor is the limited power handling capability of the loading resistors, which limits the amount of power that can be accepted from the feed line. For example, the amount of power that can be accepted by the RVD with chip resistor loading is limited by the power handling capability of the chip resistors. At most frequencies, the first resistor from the drive point dissipates more power than the other resistors, though the first resistor has the lowest resistor value [13] . Thus, the power rating of the first resistor determines the maximum power that can be accepted by the RVD, which in turn determines the maximum power that can be transmitted.
Another factor limiting the sounding depth is the amount of noise power. When the RVD is in the receiving mode, the received signal may be amplified to a useful level if the signal power is stronger than the noise power. If the signal power is limited, the amount of noise power limits the sounding depth. Thus, the purpose of this paper is to investigate the noise behavior of the RVD at the drive point of the antenna. In this paper, only the thermal noise from the resistive loading is considered because the thermal noise is inherent in the antenna and cannot be avoided. A numerical model based on a commercial method of moments software is used for the investigation.
NUMERICAL MODEL
The geometry of the antenna analyzed in this paper is the RVD with a curved shape and a modified Wu-King profile, which was presented in [14] . The profile can be expressed as
where R 1 is the modification parameter. The profile is equivalent to Equation (1) when
The modified Wu-King profile, which is continuous, is approximated with 14 chip resistors loaded on each arm. The values of the resistors are shown in Table 1 . Note that the resistor values in Table 1 are available off-the-shelf. Table 1 shows that the resistor value is the smallest near the drive point and gradually increases toward the open ends of the antenna arms. The geometry is discretized for the method of moments calculation. The arms and the resistors are meshed using triangular elements. The copper portion is modeled as a perfect electric conductor (PEC) and the resistors are modeled using resistive sheets. Figure 1 shows the mesh for the numerical model. The software used for the mesh generation and calculation is FEKO, which is a collection of frequency domain algorithms [15] . In this paper, only the method of moments is used.
The resistive sheets are much smaller than the wavelength of interest in this paper and thus can be considered as lumped resistors. The mean square noise voltage per hertz of bandwidth generated by a lumped resistor is [16] v where k is the Boltzmann's constant; T = 300 K is the physical temperature; R is the resistance. The noise voltage can be modeled with a power-equivalent sinusoidal voltage source
where f and t are the frequency and time, respectively. The equivalent source is placed in the middle of each resistive sheet. To simulate the feed line impedance, a terminal resistor (RT) of 200 Ω is placed between the terminals at the drive point. The contribution of a resistor to the noise power accepted by the feed line is obtained by activating the corresponding equivalent source and calculating the power absorbed by the terminal resistor. The total noise power accepted by the feed line is obtained by summing the contributions of the individual resistors, i.e.,
where P n,i is the noise power contribution of the i-th resistor, and N = 14 is the total number of resistors on one arm. The factor 2 is present because of the symmetry in the antenna geometry. Thus, for the total noise power calculation, the model is run 14 times for the 14 resistor values, activating one equivalent source at a time at each frequency of interest. The total noise power calculated using the equivalent noise source is drawn in a dashed line against frequency in Figure 2 . The dashed line represents the total noise power that is delivered to the feed line of the RVD. In the figure, the vertical axis on the left-hand side represents the noise power spectrum, which is the noise power per hertz of bandwidth.
In order to validate the result, the thermal noise power is calculated in a different way. The thermal noise power accepted by the feed line of an antenna can be calculated as [17, 18] 
where B is the receiver bandwidth; η is the radiation efficiency of the antenna; Γ is the reflection coefficient between the antenna and the feed line. Thus, the noise power can also be calculated from the input impedance and the radiation efficiency of the antenna. These quantities can be calculated by slightly modifying the numerical model. The terminal resistor is removed, and a voltage source is placed between the terminals to excite the antenna. All other equivalent sources are turned off. This model is run once for the calculation of the input impedance and the antenna radiation efficiency. The efficiency is read directly from the FEKO output file and the antenna input impedance is converted to the reflection mismatch using
where Z in is the antenna input impedance, and Z 0 = 200 Ω is the feed line impedance. The solid line in Figure 2 represents the thermal noise power obtained from Equation (6) . The two lines in Figure 2 are very close to each other, validating the equivalent noise source approach. The small difference seen at the high frequency region is due to numerical error, which can be lowered by using a finer mesh. The figure shows that the equivalent noise voltage can be used for further analysis with only a small error. The maximum error is 3.84% at the highest frequency.
THERMAL NOISE ANALYSIS
The vertical axis on the right hand side of Figure 2 represents the antenna noise temperature corresponding to the noise power spectrum. The noise temperature is very high compared to those of other conventional antennas. For example, the noise temperature of a dipole antenna with the wire radius of 3 × 10 −3 λ is approximately 1.2 K when driven by a 50 Ω feed line at resonant frequency. As an example of the antenna with a low radiation efficiency, a commercial chip antenna with a radiation efficiency of 75% has the noise temperature of approximately 67 K [19] .
As can be seen in Equation (3), the higher the resistor value is, the higher the thermal noise voltage. However, the resistors with higher resistances are located farther from the drive point of the RVD, and the noise power generated from these resistors may not reach the antenna terminals efficiently. Thus, the resistor value and the amount of noise power delivered to the antenna terminals may not be directly related.
In order to investigate how much noise power is contributed from each resistor, the noise power contribution is plotted against resistor number at a number of frequencies in Figure 3 . The figure shows the contribution of individual resistors to the total noise power delivered to the 200 Ω feed line. The arrows in the figure indicate the change in noise contribution as the frequency varies from 2.0 GHz to 10 GHz with 0.5 GHz increment. Those at 0.5, 1.0, and 1.5 GHz are drawn in dot, dash-dot, and dash-dot-dot lines, respectively. Note that there are two resistors in the RVD for each resistor number. Thus, the lines in Figure 3 represents the contributions from the resistor on one arm, and the summation of the noise contribution at each frequency is 50%. Figure 3 shows the tendency that resistors close to the drive point contribute more to the noise power than do the resistors far from the drive point even though the latter have higher resistance. This tendency becomes stronger as the frequency increases. This figure suggests that the noise temperature of the antenna can be decreased significantly by lowering the noise contributions from a few resistors near the drive point. One possible method may be cooling the resistors. 
CONCLUSION
The noise characteristics of the RVD were numerically analyzed using the method of moments and equivalent noise voltage sources. The RVD analyzed in this paper has curved arms and is loaded with the modified Wu-King profile. The total thermal noise power delivered to the 200 Ω feed line and the contribution of individual resistors to the total noise power were presented. The results showed that the antenna noise temperature is very high and that the resistors near the drive point contribute more to the noise temperature. Because the high noise temperature limits the reception capability of the RVD, the operational range of the radar with the RVD would be limited accordingly. The results shown in this paper may be used to determine the operation range of the RVD as antennas for radars, such as ground-based GPR, airborne GPR, and vehicle-mounted foliage-penetration radar.
